models suggested that the maximum sustainable yield of kangaroos was between 10% and 17.5% per year, but the models were not used to assess effects on population explosion or population decline. The concept of maximum sustainable yield is based on models in which it is assumed that future population growth can be determined precisely and that the environment is constant. Such assumptions are certainly not valid for many, if not all kangaroo populations. Population growth is controlled, at least to some extent, by rainfall (Caughley, Bayliss & Giles 1984; Bayliss 1985; Cairns & Grigg 1993) , which on an annual time scale is unpredictable and apparently random. Random variation in the availability of resources means that kangaroo populations are subject to environmental stochasticity, which is likely to reduce the maximum sustainable yield (Beddington & May 1977; Cairns 1989) . Cairns (1989) recommended that models designed to assess effects of kangaroo harvesting should account for density dependence and environmental stochasticity.
Stochasticity refers to unpredictability, or ran- domness. Random variation may have a greater influence on the structure of populations than known deterministic processes, depending on the level of stochasticity (Ginzburg et al. 1982) . Because stochastic models have random elements, it is unlikely that the future population size will conform to any single prediction of the model. Therefore, the analysis of these models involves calculating the distribution of the future population to obtain an impression of its likely size. Deterministic models predict a single population trajectory that, in the presence of stochasticity, is unlikely to be the realized trajectory. These models tell us little or nothing about the occurrence of extreme events (e.g. extinctions and explosions), which are of particular interest to wildlife managers. The incorporation of stochasticity allows the prediction of the likelihood of population decline or population explosion within a specified period. Stochastic models are often used in the field of conservation biology to assess the viability of endangered populations and species, and to help determine effective management strategies (Burgman, Ferson & Ak~akaya 1993) . In this paper, it is proposed that methods of risk assessment, which have been developed for conservation biology can be readily applied to a variety of wildlife management problems. Models of the red kangaroo (M. rufus Desmarest) population in the South Australian pastoral zone are developed herein from census data obtained from aerial surveys (Cairns & Grigg 1993 ). The models incorporate effects of density dependence, rainfall and other sources of environmental stochasticity, and they are used to assess impacts of kangaroo harvesting, by determining changes in the predicted risks of population decline and explosion. The models indicate the importance of recognizing stochasticity in population dynamics and demonstrate a framework of risk assessment that can be used in wildlife management. Caughley et al. (1984) and Bayliss (1985) related kangaroo population growth to total rainfall in the calendar year of the first of two successive winter surveys. In contrast, Cairns & Grigg (1993) found that changes in red kangaroo abundance within management areas of the South Australian pastoral zone were most closely related to total rainfall during the summer-autumn period between two successive winter surveys. The type of relationship between population growth and rainfall developed by Caughley et al. (1984) , Bayliss (1985) and Cairns & Grigg (1993) is referred to as a numerical response, which is a component of consumer-resource models (Caughley 1987) . These models are essentially mechanistic models of resource limitation. As population size increases, the resource will be consumed at a faster rate than it is produced, ultimately resulting in population decline. When consumer-resource models are analysed over time, the abundance of consumers will contribute to population dynamics, leading to density-dependent growth. Such density dependence may have a large effect on population growth and persistence (Ginzburg, Ferson & A k~a k a y a 1990) and is likely to influence effects of management.
Methods
Cairns & Grigg (1993) noted that density dependence may occur in the red kangaroo population in the South Australian pastoral zone. Absence of rainfall had the greatest effect in areas of high kangaroo densities, while during periods of sufficient rainfall population growth was greater at low densities than at high densities. Logistic-like density-dependent functions of population growth can be used instead of consumer-resource models to account for density dependence. Without knowledge of the mechanistic basis of the consumption, utilization and production of resources, the use of logistic-like density-dependent functions may be more appropriate than assuming density independence.
D A T A A N D S T A T I S T I C A L A N A L Y S I S
The number of red kangaroos in the South Australian pastoral zone was determined from results of aerial surveys (Cairns & Grigg 1993) . Estimates of population size during the winter (late July early August) -of each year between 1978 and 1988 were available for nine management areas within the pastoral zone (Appendix 1 of Cairns & Grigg 1993). For the purposes of developing a model of red kangaroos within the entire pastoral zone, data for the entire zone rather than for separate management areas were used. This was necessary because no information about dispersal rates between management areas was available, and it was assumed that the kangaroos within the pastoral zone constituted a single population. The exponential growth rate for each year was determined by taking the logarithm of the ratio of population sizes from two successive surveys, ln(N,+ ,IN,).
Rainfall, averaged over the entire pastoral zone, was determined from data presented by Cairns & Grigg (1993; their Fig. 3 ) and used to calculate rainfall during various periods. Initially, relationships between kangaroo population growth rate, rainfall and population size were investigated by calculating correlation coefficients and partial correlation coefficients (Sokal & Rohlf 1981) . The three rainfall periods for which results are reported are the summerautumn period between two winter surveys, the calendar year of the first winter survey, and the 12-month period prior to the first winter census. The first two periods were rainfall intervals determined to be important by Cairns & Grigg (1993) , Caughley et al. (1984) and Bayliss (1985) , and the third period was the one determined to be the most important in this study (see below).
After the initial correlation analyses, models of red M.A. McCarthy kangaroo population dynamics were used to relate the exponential growth rate to linear and non-linear combinations of rainfall and population size. The Mitscherlich equation ( Y = a b e-") was used to model -non-linear functions of rainfall (Bayliss 1985; Cairns & Grigg 1993) . Following the ratio-dependent theory of consumer-resource interactions proposed by Arditi & Ginzburg (1989) , a second set of models was considered, which related kangaroo population growth to the ratio of rainfall and population size. Various models were investigated for describing the change in population size of the red kangaroos. Least-squares regression was used to estimate the parameters of the models, and model selection was based on their goodness-of-fit (adjusted R' values) and the significance of their parameters. If stochasticity is ignored, the mean rainfall can be substituted into the equations and the effect of harvesting assessed by calculating future population size when a given number of kangaroos are removed each year. These deterministic predictions do not indicate the possibility of population declines or explosions, demonstrating the dangers of ignoring stochasticity in population forecasts.
E N V I R O N M E N T A L S T O C H A S T I C I T Y
The unpredictability of rainfall means that growth of the red kangaroo population in the South Australian pastoral zone is subject to environmental stochasticity. The form of the statistical distribution of rainfall, its mean, its standard deviation, and the correlation between rainfall in successive periods were determined from long-term records (Bureau of Meteorology 196 1). Correlation of rainfall may be important because successive good years or successive bad years may have a compounding effect on population size. Although rainfall accounts for some of the environmental stochasticity, the models do not account for all of the variation in the growth rate. Some of the unexplained variation will be due to unmodelled sources of environmental variation such as disease, predation and fluctuations in age and sex ratios. In linear regression, deviations from the model are assumed to be due to random error that is normally distributed with mean of zero, and the variance of which is estimated by the mean squared error of the regression analysis. Thus, unexplained sources of variation can be incorporated in the model by adding a normal variate with a mean of zero and specified variance to the predicted annual growth rate.
The amount of rainfall in each period was sampled ~~~l~~i~~l Journalof Applied randomly from a normal distribution (Knuth 1981 ) Ecologj, , 33, [45] [46] [47] [48] [49] [50] [51] [52] [53] and the growth rate was determined from the selected equation of population growth. Correlation between rainfall in successive periods was included by sampling correlated normal variables (Burgman et al. 1993 ). The unexplained environmental stochasticity was included by sampling a normal variate with a mean of zero and a specified variance, and then adding this to the growth rate predicted by the regression equation. This growth rate was then used to predict the population size in the next year. The process was repeated iteratively to generate a population trajectory over a specified number of years. Harvesting was simulated by specifying a proportion of the population to be removed each year, or specifying a total number to be removed. A second set of simulations was conducted in which a proportion of the population was harvested only when rainfall was above average. This corresponds to restricting harvesting to periods when population growth rate is expected to be greater than average. Simulations were initiated with a population of 1457000, which was the most recent census reported by Cairns & Grigg (1993) . For the purposes of this study, population sizes within the next 20 years were predicted, and the models were simulated 1000 times for each set of parameters considered. The minimum and maximum predicted population size and the mean number of kangaroos harvested each year were recorded for each simulation.
Risks of extinction are of particular interest in conservation biology. However, Ginzburg et a/. (1982) proposed that it is better to assess the risk of decline to a range of thresholds and introduced the term quasiextinction risk. Quasi-extinction risk is the probability that the population will decline to a specified threshold value within a given period of time. Quasi-extinction risk curves are obtained by plotting quasi-extinction risk vs. the threshold population size. The advantage of using these curves is that they provide a more general indication of the risks of population decline. Not only do they indicate the risk of extinction, which is equivalent to the quasi-extinction risk at a threshold of zero, they also indicate the risk of decline to any specified level. For each threshold, quasi-extinction risks were determined by dividing the number of simulations in which the population fell to or below the threshold by the total number of simulations. These risks curves are cumulative probability distributions of the minimum population size. Risks of population explosion were assessed in an analogous manner. The risk of quasi-explosion is the risk that the population will increase to or above a specified threshold within a given time.
The aim of harvesting is to reduce the quasiexplosion risks while minimizing increases in the quasi-extinction risks. Effects of management on populations can be assessed by considering the change in the risks of decline and explosion under the influence of management compared to the case of no management. The risk curves may be compared directly, or the change in the risks may be summarized by calculating the area between the risk curves (Burgman et al. 1993) .
Results

D A T A ANALYSES
Long-term annual rainfall averaged across meteorological stations in the South Australian pastoral zone is approximately normally distributed with a mean of 230 mm and a standard deviation of 75 mm. The correlation between rainfall in successive years was estimated as 0.22, and the 95% confidence interval of the correlation was between 0.00 and 0.43.
The correlations between population growth rate, rainfall and population size are given in Table 1 . The strongest relationships were those between growth rate and population size, and growth rate and the rainfall total in the 12 months before the first of two winter surveys. The only significant relationships were those that included growth rate, population size and the previous year's rainfall in the one analysis. The amount of summer-autumn rainfall was not significantly related to the change in the total number of red kangaroos within the South Australian pastoral zone.
The results of a number of regression analyses are presented in Table 2 . The two models that best fitted the data were * significantly different from zero at the 5% level.
fall was not significant in any of the models investigated ( P > 0.3). In equation 1, it is assumed that the growth rate is linear with respect to rainfall, which may not be valid (Bayliss 1985; Cairns & Grigg 1993) , but the use of the Mitscherlich equation did not improve the fit. Equation 1 is a modification of the Ricker (1975) function with an extra term accounting for the effect of rainfall. Therefore, this will be referred to as the Ricker model, while equation2 will be referred to as the ratio model. Recruitment curves for these models are shown in Fig. 1 , for three different levels of rainfall, representing the mean rainfall as well as values that are two standard deviations each side of the mean. At average rainfall levels (230mm per year) the two models generate similar results, although the ratio model has slightly weaker density dependence. In comparison to the Ricker model, the ratio model predicts more severe population declines following low rainfall periods and, in general, slower population growth at low densities.
S I M U L A T I O N R E S U L T S
The results of the deterministic predictions are shown in Fig. 2 . The results indicate that in the absence of environmental stochasticity, the removal of 200 000-300 000 kangaroos each year will stabilize the population at about 1 million individuals. The results of the deterministic analysis also indicate that the Ricker model predicts greater population decline than the ratio model. However, these results ignore the natural variability associated with the kangaroo population. The results were qualitatively different when environmental stochasticity was considered. Risks of decline and risks of explosion in the next 20 years predicted by the models (equations 1 and 2) under various harvesting strategies and in the presence of environmental stochasticity are shown in Figs 3-6. In comparison to the Ricker model, the ratio model predicted greater risks of population decline and population explosion. However, both models predicted a high risk of extinction when 200 000 kangaroos were removed each year (Ricker model: 0.29 ; ratio model: 0.60), even though the deterministic models indicated that at this level of harvesting, the population would stabilize at 1 million kangaroos or more (Fig. 2) .
Effects of harvesting were summarized by calculating the area between the risk curves generated with harvesting and those generated in the absence of harvesting (Burgman et al. 1993) . For quasi-extinction risk curves, this area represents the change in the expected minimum population size. This is because quasi-extinction risk curves are cumulative probability distributions of the minimum population size, and the area to the left of the curve is equal to the mean of the distribution (i.e. the expected minimum population size). Therefore, the area between two risk curves is equivalent to the change in the mean. The added risk is the amount by which the expected mini- mum population size is reduced. The reduced risk is the amount by which the expected maximum population size is reduced.
Added and reduced risks were plotted against the average number of kangaroos removed each year over the period of simulation, to compare harvesting a constant number of kangaroos with harvesting a fixed proportion of the population (Figs 7 and 8) . In comparison to the removal of a fixed proportion of the population, the removal of a constant number of kangaroos produced greater increases in the risks of decline and greater decreases in the risks of explosion. The added risks due to harvesting were similar for and Ricker model (dotted line) for three different levels of rainfall. These curves represent the change in population size over a period of 1 year at moderate (b) and extreme (a and c) rainfall levels. Table 2 . Results of selected regression analyses relating the exponential growth rate (In[N, + ,IN,] ) to the number of kangaroos (N,), summer-autumn rainfall (SAR) and the previous year's rainfall (PYR (N,+ ,IN,) = -0.608 +0~00318PYR/(N, x 0.57 In (N,, ,IN,) = 0,420-3.59 exp (-0.0137PYR/(N, x l o 6 ) ) 0.64 both models. However, in comparison to the Ricker model, the ratio model predicted a greater probability of decline in the absence of harvesting so the added risks were proportionally greater. Restricting harvesting to those periods when rainfall was greater than average lessened the impacts on the risk of decline. At the same time, the ability of harvesting to reduce the incidence of population explosions was not affected (Figs 7 and 8 ).
Discussion
It may be misleading to use deterministic models to predict effects of management strategies. If the deterministic models were used, then we might conclude that harvesting 200 000 kangaroos each year from the South Australian pastoral zone was sustainable. However, the results of the stochastic simulations demonstrate that such a strategy may drive the population to extinction within the next 20 years. Rosenberg et Threshold population size al. (1993) emphasize the importance of accounting for uncertainty when assessing the sustainable use of renewable resources. It is apparent that harvesting a proportion of the population, rather than a constant number of individuals, is likely to minimize adverse effects on the population without changing the effectiveness of harvesting for reducing population explosion. The
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Threshold population size Threshold population size removal of a fixed number of individuals has a greater destabilizing effect than removing a fixed proportion, because when a constant number is removed the average mortality increases as population size declines (Burgman et al. 1993 ).
The ratio model and the Ricker model predict qualitatively different behaviour under extremes of rainfall (Fig. 2 ), yet the two models fit the available data equ-
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Threshold population size ally well. This indicates that it is difficult to predict accurately how rainfall extremes will affect the red kangaroo population. The ratio model is biologically appealing in that the response to rainfall it predicts is 0 100000 200000 300'000
Kangaroos harvested each year (mean) asymptotic. At very high rainfall levels, other biological and environmental limitations are likely to restrict the growth rate of the kangaroo population. The Ricker model predicts that the exponential growth rate will increase linearly with rainfall. It would be possible to include a non-linear response to rainfall in the Ricker model, but the available data does not warrant such an inclusion ( Table 2 ). The stronger density dependence of the Ricker model at low population size acts as a buffer against population decline, and this may better reflect the resilience of the population. As well as using statistical fit, the choice of the appropriate model should be based on biological intuition and validation (i.e. the accuracy of population predictions). The method of parameter estimation used in this paper may overestimate the strength of density dependence because population size at time t is used for both regression axes (Burgman et al. 1993) . Even a series of random numbers may exhibit apparent density dependence when analysed in this way (Burgman et al. 1993; Wolda & Dennis 1993) . The estimated strength of density dependence will be inflated by measurement error and unexplained variation. However, it is important to distinguish between statistical density dependence (sensu Wolda & Dennis 1993) and true density dependence if population size and quasi-extinction risks are to be predicted reliably (Ginzburg et al. 1990; Hanski, Woiwod &Perry 1993) . During preliminary work on this project, a densityindependent model of kangaroo population dynamics was developed, but it resulted in unrealistically large population explosions, and evidence suggested that the response of kangaroo populations to resource availability may be influenced by kangaroo abundance (Cairns & Grigg 1993) . Use of a density-dependent model was supported by the statistical analyses, which demonstrated a significant influence of population size on growth rate.
Results of the simulations indicate that harvesting 1&20% of the red kangaroos in 'the South Australian pastoral zone each year may expose the population to undesirably high risks of population decline. These harvesting rates are the approximate 'maximum sustainable yields' derived from deterministic models of kangaroo dynamics (herein; Cairns 1989) . At the same time, the magnitude of population explosions will be reduced by a comparatively small amount. Benefits of harvesting would increase and effects on population decline would decrease if future population size could be predicted accurately and harvesting modified accordingly. In this study, the impact of harvesting on population decline was reduced when harvesting was restricted to periods for which the previous year's rainfall had been above average. However, as noted above, effects of rainfall on the change in the abundance of kangaroos are uncertain, so quantitative predictions of future population size may not be reliable. Validation of the models would be necessary to assess their reliability.
